Introduction
============

A malignant tumor is one of the main causes of child mortality in China; being the most common malignancy in children, acute lymphoblastic leukemia (ALL) represents 70% of acute leukemia in children who are under 15 years old. The incidence of childhood ALL is three to four cases per 100,000 in children who are under 15 years old. Despite affecting children of all ages, incidence peaks are between 2 and 5 years of age, with a slight predominance among boys.[@b1-ijn-13-6337]

L-asparaginase (L-ASNase) is a tetrameric enzyme produced endogenously by *Escherichia coli* and consists of identical 34.5 kDa subunits, which has become a potent antileukemic enzyme in the treatment of acute lymphoblastic leukemia in children and non-Hodgkin patients.[@b2-ijn-13-6337] After intravenous injection or intramuscular administration, the enzyme catalyzes the hydrolysis of L-asparagine (L-Asn), which is important for the biosynthesis of proteins, DNA, and RNA to ammonia and L-aspartic acid. As a result, asparagine in the plasma and extracellular fluid is eliminated.[@b3-ijn-13-6337] Normal tissue cells can synthesize asparagine in the presence of asparagine synthetase, while tumor cells, which depend on exogenous asparagine to grow, cannot synthesize asparagine due to a lack of asparagine synthetase, and asparaginase selectively blocks protein synthesis from the tumor cells and induces apoptosis.[@b4-ijn-13-6337],[@b5-ijn-13-6337] Moreover, the potential use of L-ASNase as a therapeutic agent against the extracellular pathogenic bacterium group A *Streptococcus* infections was recently proposed.[@b6-ijn-13-6337]

There are three preparations of asparaginase: native enzyme from *E. coli*, PEGylated asparaginase (PEG-ASNase) from *E. coli* (Oncaspar^®^ \[Pegasparagase injection\]), and native erwinia enzyme from *Erwinia chrysanthemi* asparaginase (Erwinaze).[@b4-ijn-13-6337] Different ASNase preparations from various biological sources (such as *E. coli* and *Erwinia*) have different pharmacokinetic properties (half-life from 16 hours for *Erwinia* to 33 hours for *E. coli*),[@b7-ijn-13-6337],[@b8-ijn-13-6337] even if *E. coli* ASNase obtained from different strains have different pharmacokinetic properties.[@b9-ijn-13-6337] The PEG-ASNase is L-ASNase, which is covalently conjugated to monomethoxypolyethylene glycol, and has a higher bioavailability with an extended blood circulating half-life (t~1/2~) and minimal immunogenicity[@b10-ijn-13-6337],[@b11-ijn-13-6337] compared with L-ASNase. Recently, a novel preparation GRASPA^®^ (Erythrocyte encapsulated asparaginase) with L-ASNase encapsulated in erythrocytes appears to be a promising product with a good safety profile for the treatment of ALL relapse and refractory.[@b12-ijn-13-6337]

Nanostructured PEG-ASNase first entered clinical trials in 1984 as the conjugate could be safely used by patients who already developed allergic reactions to *E. coli* or *Erwinia* asparaginase due to low immunogenicity. However, treatment with PEG-ASNase is also accompanied with side effects, such as leukopenia, neurological seizures, anaphy-laxis, coagulation abnormalities, and pancreatitis, which restrict its clinical applications.[@b13-ijn-13-6337] Therefore, conducting clinical drug monitoring and pharmacokinetic studies on the children who received a PEG-ASNase injection can ensure clinical safety and efficacy for early interventions. Even though PEG-ASNase is a clinically life-rescuing nanomedicine with preferable bioavailability, pharmaceutical quality control (QC) methods for determining the activity of PEG-ASNase in children's plasma were hardly ever reported. Only L-ASNase activity determination methods in plasma samples have already been described[@b14-ijn-13-6337]--[@b17-ijn-13-6337] by the glutamate dehydrogenase method,[@b14-ijn-13-6337] the Nessler method,[@b15-ijn-13-6337] the Berthelot method,[@b16-ijn-13-6337] and a gas-sensing electrode method.[@b17-ijn-13-6337] However, the reported analytical methods that refer to the determination of L-ASNase in plasma have numerous drawbacks, such as low selectivity, insufficient practical simplicity, and a relatively high, expensive cost with complicated biosample pretreatment.[@b18-ijn-13-6337] The Nessler method is most commonly used in clinical detection for its cost-effectiveness and convenience. In this method, PEG-ASNase catalyzes the hydrolysis of the generally nonessential amino acid Asn to aspartate acid and ammonia. The enzyme activity was determined by photometric detection of ammonia release after reaction with Nessler's reagent. Using Nessler's reagent as the chromogenic reagent of ammonia, a stable yellow complex is produced ([Figure 1](#f1-ijn-13-6337){ref-type="fig"}). Units of enzyme activity are defined as micromoles of ammonia released per minute at 37°C.

The goal of this study was to develop an accurate and precise activity assay of nanostructured PEG-ASNase in children's plasma for pharmaceutical QC and as a model of personalized nanomedicine. Personalized nanomedicine refers to assays that can tailor the nano-biomolecular treatment of diseases through apriori approaches. The ammonium sulfate standard solutions are usually used to establish a calibration curve for determining the activity of the PEG-ASNase according to previously published references.[@b19-ijn-13-6337],[@b20-ijn-13-6337] In order to validate the recovery and reproducibility of this method, both ammonium sulfate and PEG-ASNase were utilized for this method evaluation.

Materials and methods
=====================

Materials
---------

Ammonium sulfate, asparagine, trichloroacetic acid (TCA), potassium hydroxide monosodium phosphate, and disodium hydrogen phosphate were obtained from Chemical Reagent Co., Ltd (Nanjing, China, Analysis Grade). PEG-ASNase (3,750 IU, 5 mL) was purchased from Jiangsu Hengrui Medicine Co., Ltd (Jiangsu, China); mercury (II) iodide (purity \>99%, 19270), and potassium iodide (AR) were provided by Xiya Reagent. Deionized (DI) water was freshly made in the laboratory. All other reagents were of analytical grade. The plasma samples were collected from the Children's Hospital of Nanjing Medical University and kept at −20°C.

Nessler method
--------------

In a glass flask volumetric, 7 g of sodium iodide and 10 g of mercury (II) iodide were weighed with a BSA124S electronic balance \[Sartorius Scientific Instruments (Beijing) Co., Limited, Beijing, China\] and dissolved in 10 mL of water. Then, 24 g of sodium hydroxide was dissolved in 70 mL of water. The above two solutions were mixed to obtain Nessler's reagent. 0.50 mL of ammonium sulfate solution was pipetted into a test tube, followed by 4.0 mL DI water and 0.5 mL of Nessler's reagent. The optical density (OD) was measured by spectrophotometry (752 ultraviolet--visible \[UV--vis\] Spectrophotometer, Shanghai Jinghua Technology Instrument Co., Ltd, Shanghai, China) at 450 nm after 15 minutes of reaction time.

Determination of nanostructured PEG-ASNase activity in plasma
-------------------------------------------------------------

The substrate solution consisted of 0.6630 g L-Asn dissolved in a 100 mL phosphate buffer solution previously adjusted to pH 8.0 with disodium hydrogen phosphate (0.2 M) by a PHS-3C Ph meter (Shanghai INESA Analytical Instrument Co., Ltd, Shanghai, China). As shown in [Figure 2](#f2-ijn-13-6337){ref-type="fig"}, 0.9 mL of the substrate solution was pipetted into a 2.0 mL Eppendorf tube and kept warm at 37°C in a HH-2 Intelligent digital thermostat water bath (Nan Jing Keer Equipment PTY., Ltd, Nanjing, China). A milliliter aliquot of the PEG-ASNase plasma sample was added and kept at 37°C for 45 minutes to fully consume the PEG-ASNase. Then, a quarter of milliliter aliquot of 25% (w/w) TCA was added for deproteination. The sample was mixed vigorously for 15 minutes and centrifuged at 5,000×*g* for 15 minutes (KDC-140HR high-speed refrigerated centrifuge, Anhui Zhongke Intelligent Hi-Tech Co., Ltd, Hefei, China). The supernatant 0.5 mL was taken and diluted with 4.0 mL of water, then 0.5 mL of Nessler's reagent was added. The mixture was kept for 15 minutes at room temperature, and the OD sample was measured at 450 nm. To eliminate the matrix effect of the plasma, a quarter of a milliliter aliquot of 25% (w/w) TCA was mixed with 0.9 mL of the substrate at 37°C for 45 minutes, then a 0.1 mL aliquot of the PEG-ASNase plasma sample was added. After centrifugation (5,000×*g* for 15 minutes), 0.5 mL of the supernatant was taken and diluted with 4.0 mL of water, then 0.5 mL of Nessler's reagent was added. The mixture was left to stand for 15 minutes at room temperature and the OD~matrix~ measured by spectrophotometry at 450 nm. Finally, the PEG-ASNase activity (OD~sample~−OD~matrix~) was calculated by the calibration curves described below.

Method evaluation
-----------------

### Selectivity

The selectivity indicates the extent the Nessler method can determine ammonia without interference from the enzyme reaction. The UV--vis scanning spectra between 200 and 600 nm of the sample solutions and the blank solution (matrix), which reacted with Nessler's reagents, were both recorded on an Agilent 8453 scanning UV--vis spectrophotometer (Agilent Technologies, Santa Clara, CA, USA).

### Linearity and lower limit of quantification (LLOQ)

Calibration curves were prepared by assaying standard plasma samples at nine concentrations of ammonium sulfate ranging from 0.05 to 2.00 mM. The linearity of each calibration curve was determined by plotting the nominal activity (x) of ammonium sulfate to the absorption (y, OD) of ammonium sulfate standard samples. Units of enzyme activity were defined as micromoles of ammonia released per minute.[@b20-ijn-13-6337] The LLOQ is defined as the lowest activity on the calibration curve; it was validated using an LLOQ sample for which an acceptable accuracy (%) ranged from 90% to 110% and a coefficient of variation \<15% was obtained.

Precision and recovery
----------------------

A stock solution of (25 mM) ammonium sulfate was obtained with 0.3303 g of ammonium sulfate dissolved and diluted in water. Different volumes of the stock solution were spiked into the blank plasma to obtain concentration levels of ammonium sulfate QC samples (0.25, 1.00, and 2.00 mM). Meanwhile, PEG-ASNase was diluted in water to obtain a stock solution (1,000 IU/mL). Different volumes of the stock solution were spiked into the blank plasma to obtain three different activity levels of PEG-ASNase QC samples (102.5, 550.5, and 966.9 IU/L).

Within a day, precision and accuracy were determined by analyzing five sets of spiked plasma samples of ammonium sulfate and PEG-ASNase at each QC level. The interday precision and accuracy were determined by analyzing five sets of spiked plasma samples of ammonium sulfate and PEG-ASNase at each QC level for 5 days. The concentration of each sample was calculated using the standard curve prepared and analyzed on the same day. The precision was expressed as the relative standard deviation (RSD). The accuracy of the method was evaluated by analyzing the QC samples spiked with standard solutions and expressed as a percentage error of measured concentrations (or activity) vs nominal concentrations (or activity).

To obtain the recovery and accuracy of ammonia from the plasma, comparison of the spiked value with the measured value at 0.25, 1.00, and 2.00 mM (n=5 for each concentration of ammonium sulfate used) was conducted. To obtain the recovery and accuracy of PEG-ASNase from the plasma, comparison of the spiked activity (102.5, 550.5, and 966.9 IU/L) of the QC samples with the measured QC samples (n=5 for each activity level of PEG-ASNase used) was conducted.

Stability
---------

The short-term stability of the nanostructured PEG-ASNase QC samples and ammonium sulfate QC samples was assessed by determining the OD of the QC plasma samples, which were kept at room temperature for 24 hours with the Nessler's reagent; the time far exceeded the routine preparation time of the samples. The long-term stability was evaluated by determining QC of the plasma samples, which were kept at low temperature (−4°C) for 7 days. All the experimental values were compared with the nominal values.

Sample collection
-----------------

All procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation (approval number: 201403001), which was approved by the Children's Hospital of Nanjing Medical University Institutional Review Board. Written informed consent was obtained from the patients and their parents for being included in the study. Blood samples for the nanostructured PEG-ASNase activity were obtained from children who received the treatment with PEG-ASNase (dose: 2,500 IU/m^2^, for children with a body surface area \<0.6 m^2^, the dose should be adjusted to 82.5 IU/kg, every 14 days). Blood samples were collected from 45 patients collected at predetermined time intervals and stored in heparinized tubes. Two milliliters of whole blood was drawn and centrifuged at 3,000 rpm for 5 minutes immediately. The supernatant was obtained and frozen at −20°C for asparaginase activity determination.

Results and discussion
======================

Selectivity
-----------

Absorption spectra of the blank and sample solutions were obtained and shown in [Figure 3A](#f3-ijn-13-6337){ref-type="fig"}. The selectivity indicates the extent to which the Nessler method can determine the ammonia concentration without interference from the enzyme reaction. The noise of the equipment was strong at wavelengths \<400 nm. The absorbance of the blank solution was negligible at 450 nm, while an obvious absorbance was observed for sample solutions; 450 nm was chosen as the specific wavelength for asparaginase detection, this is consistent with many other reports.[@b18-ijn-13-6337]--[@b20-ijn-13-6337]

Linearity and LLOQ
------------------

The units of enzyme activity were defined as micromoles of ammonia released per minute at 37°C; the ammonia concentrations could convert to enzyme activity according to the calculations below: $$\text{Enzyme}\ \text{activity} = (2^{*}C^{*}V_{s}^{*}V_{t})/(t^{*}V_{p})$$where *C* is the concentration of the ammonium sulfate solutions, *V~s~* is the volume of the supernatant used to react with the Nessler's reagent, *V~t~* is the total volume of the reaction mixture, *V~p~* is the volume of the PEG-ASNase plasma sample, and *t* represents the reaction time between the supernatant and Nessler's reagent.

The calibration graph ([Figure 3B](#f3-ijn-13-6337){ref-type="fig"}) was obtained by plotting OD with SD of the products of ammonium sulfate with Nessler's reagent vs its concentration. A calibration curve was obtained by the linear regression analysis. Good linearity between OD and activity of the Nessler's reagent was obtained for PEG-ASNase (Y=7.792\*10\^(−4)X−0.01913, *r*=0.999, n=7) in the range of 27.8--1,111.0 IU/L. The LLOQ for PEG-ASNase activity in human plasma was 20 IU/L with a coefficient of variation \<15%.

Precision and recovery
----------------------

For ammonium sulfate QC samples, the within-day precision, with RSD ranging from 1.1% to 2.1%, and the interday precision, with RSD ranging from 3.0% to 3.4%, indicated very good reproducibility of this method ([Table 1](#t1-ijn-13-6337){ref-type="table"}). For the nanostructured PEG-ASNase QC samples, the within-day precision, with RSD ranging from 2.4% to 4.4%, and the interday precision, with RSD ranging from 5.1% to 10.0%, also had a good reproducibility. Also, high-recovery data were achieved at 0.25, 1.00, and 2.00 mM and 102.5, 550.5, and 966.9 IU/L, respectively.

Stability
---------

[Table 2](#t2-ijn-13-6337){ref-type="table"} shows that the short-term and long-term stability of both the products of the Nessler's reagent with ammonium sulfate QC samples and the nanostructured PEG-ASNase QC samples were stable enough.

Sample collection
-----------------

According to previous research,[@b19-ijn-13-6337],[@b21-ijn-13-6337] the limit of detection of the Nessler method is 20 IU/L, and plasma PEG-ASNase levels with activities over 100 IU/L were necessary for effective treatment. [Table 3](#t3-ijn-13-6337){ref-type="table"} shows 172 plasma PEG-ASNase activity levels collected from 45 patients, with about 82.6% of the sample activities exceeding the recommended plasma level of 100 IU/L, which could secure Asn depletion.

[Figure 4](#f4-ijn-13-6337){ref-type="fig"} shows the representative nanostructured PEG-ASNase activity variations of eight patients during the treatment; there were seven patients with PEG-ASNase activity higher than 100 IU/L until 14 days. Moreover, the effective level could last for 20 days in four patients. This was consistent with the literature[@b22-ijn-13-6337] that the PEG-ASNase could maintain a relatively stable plasma concentration after intravenous administration. There was a significant difference in plasma PEG-ASNase activities individually, even if they were administered by the same dose. As a consequence, it is important to detect the real-time enzyme activity for effective individualized drug monitoring. In the present study, we found that there was no significant increase in the activity of asparaginase in one patient after the injection of PEG-ASNase, of whom the activity was always lower than the trough enzyme activities, which could guarantee the free Asn to was fully hydrolyzed. We thought the reason for this phenomenon was that the anti-PEG antibody[@b23-ijn-13-6337] was produced, which resulted in an alternative therapy for ALL. The activity of PEG-ASNase in the patients fluctuated considerably; this result was probably due to not only the individual variability but also the patients were too young.

Conclusion
==========

Glutamine is a conditionally essential acid and considered to be an important fuel for immune cells. It is the richest amine acid in human body. However, glutamine is a second substrate for asparaginase, and changes in glutamine metabolism have been considered as contributing to asparaginase-associated side effects.[@b24-ijn-13-6337],[@b25-ijn-13-6337] Ollenschläger et al[@b26-ijn-13-6337] observed that the concentration of glutamine fell to nearly undetectable levels after therapy. The hepatic protein synthesis is affected by glutamine deficiency, and they first demonstrated the deleterious effect of L-ASNase on glutamine homeostasis. The normal plasma concentration is 0.6--0.9 mM,[@b27-ijn-13-6337] which could be negligible in the determination of PEG-ASNase activity. The enzyme activity determined in our study was the remaining PEG-ASNase activity in the plasma during the whole ALL treatment, which was not related to the level of the amino acid concentration in the plasma. Additionally, we set the blank blood sample as a control group to minimize the impact of other substances such as glutamine in the plasma. The units of enzyme activity were defined as micromoles of ammonia released per minute. In this experiment, we used excess L-Asn as a substrate to detect the enzyme activity in the plasma; even if the glutamine existed, it could be hydrolyzed by PEG-ASNase, which was not related to the remaining PEG-ASNase activity in the plasma. Although PEG-ASNase was an essential element with proven therapeutic efficacy in the treatment of ALL, the adverse effect restricted its application.[@b23-ijn-13-6337] Besides, individual cases revealed considerable variation in the amount of serum enzyme activity. It would be a significant breakthrough for the therapeutic drug monitoring the concentration. PEG-ASNase was a sustained-release preparation of recombinant L-ASNase and had a relatively long half-life. It was injected every 2 weeks and could maintain a stable blood concentration (\>100 IU/L) in theory.[@b28-ijn-13-6337] It was the key factor whether the activity of the PEG-ASNase could maintain above the trough enzyme activities for effective treatment. Moreover, physiological and pathological conditions can affect ammonia levels and cause significantly different individual plasma concentrations. Therefore, therapeutic drug monitoring could ensure the effectiveness of the clinical treatment. Furthermore, it is crucial to make clinical adjustment based on the potential pharmacokinetic differences between the courses of treatment.

In this study, a rapid, sensitive, and selective UV--vis spectrophotometry method for the quantification of nanostructured PEG-ASNase activity in plasma was established. Based on the results presented here, this method had a simple biosample pretreatment and short analysis time with good recovery and reproducibility. Additionally, this method met the requirements of desired throughput, speed, and sensitivity in the biosample analysis.[@b19-ijn-13-6337] In summary, this study was definitely applicable to monitor the activity of nanostructured PEG-ASNase in plasma and improve the safety and efficacy of drug therapy, as well as provide insights into how personalized nanomedicine be used for ALL treatment monitoring.
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![Hydrolysis of L-Asn by nanostructured PEG-ASNase and NH~3~ reacted with the Nesser's reagent.\
**Abbreviations:** PEG-ASNase, PEGylated asparaginase; L-Asn, L-asparagine.](ijn-13-6337Fig1){#f1-ijn-13-6337}

![Determination of the PEG-ASNase activity in plasma.\
**Abbreviations:** PEG-ASNase, PEGylated asparaginase; TCA, trichloroacetic acid.](ijn-13-6337Fig2){#f2-ijn-13-6337}

![The representative spectra of the chromophore (**A**) and calibration curves for the asparginase in the range of 27.8--1,111.0 IU/L (**B**).](ijn-13-6337Fig3){#f3-ijn-13-6337}

![Plasma nanostructured PEG-ASNase activity during the treatment in eight children with acute lymphoblastic leukemia.\
**Abbreviation:** PEG-ASNase, PEGylated asparaginase.](ijn-13-6337Fig4){#f4-ijn-13-6337}

###### 

Precision and recovery of the ammonium sulfate QC samples and nanostructured PEG-ASNase QC samples (n=5)

  Added                                    Within-day     Interday                              
  ---------------------------------------- -------------- ---------- ----- ------------ ------- ------
  \(a\) Ammonium sulfate QC samples (mM)                                                        
   0.25                                    0.24±0.004     96.0       1.7   0.23±0.007   92      3.8
   1.00                                    0.98±0.011     98.0       1.1   0.97±0.029   97      2.4
   2.00                                    2.00±0.042     100.0      2.1   1.99±0.068   100     4.4
  \(b\) PEG-ASNase QC samples (IU/L)                                                            
   102.5                                   110.5±4.2      107.8      3.8   106.9±10.7   104.3   10.0
   550.5                                   605.2±14.4     109.9      2.4   609.3±30.9   110.7   5.1
   966.9                                   1,020.0±45.1   105.5      4.4   962.3±71.1   99.5    7.4

**Abbreviations:** PEG-ASNase, PEGylated asparaginase; QC, quality control; RSD, relative standard deviation.

###### 

Stability of the ammonium sulfate QC samples and nanostructured PEG-ASNase QC samples (n=5)

  Sample type                         Accuracy $\overline{X} \pm \text{SD}$ (%)                  
  ----------------------------------- ------------------------------------------- -------------- --------------
  \(a\) Ammonium sulfate QC samples   0.25 (mM)                                   1.00 (mM)      2.00 (mM)
   Short-term stability (24 hours)    86.5±1.7                                    93.5±3.5       95.6±4.8
   long-term stability (7 days)       93.5±4.5                                    93.4±5.2       95.1±3.0
  \(b\) PEG-ASNase QC samples         102.5 (IU/L)                                550.5 (IU/L)   966.9 (IU/L)
   Short-term stability (24 hours)    105.7±8.2                                   103.4±3.0      102.9±3.5
   long-term stability (7 days)       110.6±5.7                                   109.8±6.3      96.4±5.2

**Abbreviations:** PEG-ASNase, PEGylated asparaginase; QC, quality control.

###### 

Distribution of enzyme activities in serum from 45 patients under treatment

  PEG-ASNase activity                                   \% of samples (n)   No of patients
  ----------------------------------------------------- ------------------- ----------------
  ≤20 IU/L[a](#tfn3-ijn-13-6337){ref-type="table-fn"}   2.9 (5)             4
  \>20--100 IU/L                                        14.5 (25)           15
  ≥100 IU/L                                             82.6 (142)          41
  Total                                                 100 (172)           45

**Note:**

Limit of detection.

**Abbreviation:** PEG-ASNase, PEGylated asparaginase.
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